To investigate whether regular endurance-type exercise can benefit rats submitted to a model of ovariectomy (OVX)-induced obesity with or without estrogen replacement. SUBJECTS: OVX Sprague-Dawley rats were compared to an ovariectomized-estradiol-treated group (OVXE2) and a Shamoperated (Sham) group. Each of these groups were subdivided into a sedentary and a treadmill-trained (8 wk) group. DESIGN AND MEASUREMENTS: An experimental study in which various parameters, including fat depots, blood lipids and several organ weights were measured. RESULTS: Plasma levels of 17b-estradiol and uterus weights were significantly (P < 0.05) lower in OVX compared to Sham and significantly (P < 0.01) higher in OVXE2 (hyperestrogenic) compared to Sham rats. Body weights were significantly (P < 0.01) different among groups, in the following decreasing order: OVX, Sham and OVXE2. The average daily food intake and food efficiency were significantly (P < 0.01) increased in OVX compared to Sham, whereas estradiol treatment diminished this effect (P < 0.01). Exercise training did not alter any of the above-mentioned variables in any of the three estrogen groups. Mesenteric and subcutaneous fat weights were significantly (P < 0.01) increased by OVX. This increase was abolished by estrogen replacement or by exercise training. Exercise training also decreased fat weights in OVXE2 and Sham rats. OVX resulted in a decrease in the weights of several other tissues (femur, heart, lungs, liver and adrenal glands) while hyperestrogenic replacement resulted in an increase in weight of all measured tissues. Aside from fat depots, exercise training did not affect any of the tissue weights with the exception for an increase in the weight of the plantaris muscle and adrenal glands and a decrease in lung weight in all three estrogen groups. CONCLUSION: In OVX animals, exercise training may bring about positive changes in body composition (ie reduction in fat weights) despite an ovariectomy-induced increase in body weight.
Introduction
It is well documented that ovariectomy (OVX) in rats leads to increased food intake and weight gain, whereas estradiol treatment abolishes these effects. 1 -3 Fat deposition has also been reported to increase with the removal of the circulating estrogens by ovariectomy, whereas estradiol treatment reduces fat deposition. 2, 4 It is also well documented that exercise training in male and in female rats decreases fat deposition. 5, 6 In this context, it is of interest to determine whether OVX animals can benefit from an exercise training program. Recent studies have reported that physical training in OVX rats improves glucose stimulated insulin response 7 and increases glucose transporter concentration in skeletal muscle. 8 The only existing study 2 on fat deposition and exercise training reports a reduction in fat gain with training regardless of estrogenic status (sham-operated, OVX with or without estrogen replacement). In this study, 2 OVX rats failed to show a significant increase in fat gain compared to sham-operated rats. This makes it difficult to assess the interaction between OVX, physical training and changes in body composition. One of the purposes of the present experiment was to investigate the combined effects of ovarian hormone deficiency and regular endurance-type exercise on body composition and organ weights.
Menopause in women coincides with an increase in several comorbidities including cardiovascular disease. 9 Increased central body fatness and the deterioration of blood lipid profiles are components of a cluster of metabolic abnormalities which increase the risk of cardiovascular disease in the postmenopausal years. 9, 10 Therapies aimed at preventing these changes in women include hormone-replacement therapy, diet and physical exercise. 10 It is, therefore, of interest to determine how estrogen replacement interacts with physical training. Estrogen therapy is well known to reduce food intake, body weight and fat deposition 2 -4 and to result in favourable changes in plasma lipid profiles. 11 Estrogens are also known to induce adenohypophyseal hypertrophy. 12, 13 The sparse existing studies on the interaction of exercise training and estrogen replacement have been mainly aimed at the prevention of bone loss. 14, 15 In postmenopausal women receiving estrogen-replacement therapy, exercise training did not produce any changes in lipid profiles. 9 The interactions between exercise training and estrogen replacement on body composition and organ weights have never been considered. The second aim of the present study was to determine the effects of an 8-week period of estrogen replacement in untrained and trained OVX rats in terms of body composition and organ weights. The estrogen replacement, ensured by the estrogens released from a pellet placed subcutaneously, resulted in plasma levels of 17b-estradiol that can be considered as hyperestrogenic.
Material and methods

Animal care
Female Sprague-Dawley strain rats (n ¼ 59; Charles River, StConstant, PQ, Canada) weighing 180 -200 g were housed individually and fed regular (4.5% fat) pellet rat chow (5075-U.S. Agribrands Purina, Canada) and tap water ad libitum after they were received in our laboratory. The 12:12-h light cycle started at 6:00 am and the room temperature was maintained at 20 -23 C. All rats were treated similarly in terms of daily manipulations. The experiments described in this report were conducted according to the directives of the Canadian Council on Animal Care.
Surgery
Three days after their arrival, rats were divided into three groups. Rats in two of these groups underwent ovariectomy (OVX) with or without estrogen replacement and the third group was sham operated (Sham; n ¼ 20, 20 and 19, respectively). Ovariectomy was conducted according to the technique described by Robertson et al. 16 Animals were anaesthetized using pentobarbital sodium (40 mg=kg i.p.) and injected intramuscularly with antibiotics (Penicillin G procaine; 40 000 U=kg) and subcutaneously with an analgesic (buprenorphine: TemgesicTM, 0.025 mg=kg). A small incision (5 mm) was made through the skin and the muscle back walls in parallel with the animal body line. The ovaries were then located and a silk thread (5-0) was tightly tied around the oviduct, including the ovarian blood vessels. The oviduct was sectioned and the ovary removed, taking good care in leaving the knot intact. The skin and the muscle wall were then sutured with a silk thread (4-0). Sham rats were treated in a similar way, but the ovaries and oviduct were only manipulated. For OVX rats with estrogen replacement (OVXE2), a small 17b-estradiol pellet (cat no. SE-121; Innovative Research of America, Sarasota, FL, USA) was placed subcutaneously between the shoulder blades. The estrogen released from the pellet was 1.5 mg of 17b-estradiol (0.025 mg=day) with a biodegradable carrier binder and was efficient for 60 days. This dose of estrogen was chosen according to the one used by Krakower et al 17 in ovariectomized rats. After 8 weeks of hormonal treatment, plasma estradiol levels in OVXE2 rats reached 85 -90 pg=ml. These levels are similar to those reached in the normal cycling rat at early proestrus and metestrus. 17 A placebo 60-day pellet containing the binding carrier only was used with all other rats (cat no. SC-III). The estrous cycle, the completeness of ovariectomy and the efficiency of estrogen replacement were verified by daily administration of a vaginal smear test to all animals within the first 4 weeks after surgery. All OVX rats were in the proestrus stage, determined microscopically (Â100) by the unique presence of nucleated epithelial cells stained with a 0.1% Giemsa solution.
Groups and training protocol Two days after surgery, each of the three estrogen groups (Sham, OVX and OVXE2) were subdivided into trained (TR) and sedentary (SED) subgroups. Exercise training consisted of continuous running on a motor-driven rodent treadmill (Quinton Instruments, Seattle, WA, USA) five times a week for 8 weeks. Rats were progressively run from 15 min=day at 15 m=min, 0% slope, up to 60 min=day at 26 m=min, 10% slope for the last 4 weeks. Habituation to running was progressive and shocks were used only during the first week of the training program. All rats were monitored weekly for body weight and food intake, accurately measured as the average over two consecutive days. A food efficiency score was calculated as the ratio of the daily weight gain (g) over the daily food intake (g). Two days after the last training session, all rats were submitted to an intravenous glucose tolerance test (ivGTT) after the implantation of a venous catheter. Briefly, the ivGTT consisted of injecting an intravenous glucose bolus (0.5 g=kg) of 50% dextrose solution. Six blood samples (0.5 ml) were collected over a period of 60 min. Results of this experiment showing a decrease in glucose-stimulated insulin response in trained rats of all Body composition in ovariectomized trained rats M Shinoda et al three estrogen groups have been previously reported and are not presented in this paper. 7 Five days after the ivGTT, all rats were weighed and their pre-implanted catheters were connected with an extension (PE50) used to anesthetize them (pentobarbital sodium; 20 mg=kg, iv) after an overnight fast. Rapidly after complete anesthesia, the abdominal cavity was opened and approximately 5 ml of blood was collected via the abdominal vena cava ( < 45 s). Immediately after, several organs and tissues were removed and weighed (Mettler AE 100).
The viscera were removed and weighed in the following order: liver, pancreas, mesenteric fat, adrenal glands, uterus, and subcutaneous fat. The liver and skeletal muscles (soleus, plantaris, medial and lateral gastrocnemius) of the right limb were immediately frozen in liquid nitrogen after they were weighed. Following the opening of the rib cage, the heart and lungs were removed and weighed. The pituitary gland was carefully sampled following the removal of the head skin, upper skull and brain cortex. On the right side of the animal, the subcutaneous fat was removed from the region between the caudal border of the rib cage, the dorsal and ventral midlines of the body and the urogenital organs as described by Krotkiewski and Bjorntorp. 18 Mesenteric fat was collected from the superficial area covering the alimentary tract, the spleen and the pancreas. Special care was taken to distinguish fat cells from pancreatic cells based on colour and texture differences. Finally, the right femur wet weight was obtained following a short boiling period in a 10% KOH solution in order to remove the surrounding tissue.
Analytical procedures
Blood was collected into 5 ml syringes with ethylenediaminetetraacetic acid (7%; EDTA). Blood was centrifuged (EppendorfTM, no. 5415), and the plasma was used for estradiol, free fatty acids (FFA), triglycerides and cholesterol determinations. All tissue and plasma samples were stored at 778 C until analyses were performed. Plasma 17b-estradiol concentrations were determined with a radioimmunoassay kit available from Buhlmann Laboratories (Maine, USA). Plasma cholesterol (total and HDL-cholesterol), FFA and triglycerides concentrations were determined by commercially available kits from Boehringer Mannheim Laboratories (distributed by Medicorp, Montreal, Canada).
Statistical analysis
All data are reported as means AE s.e.. Statistical analyses were performed by a two-way ANOVA for non-repeated measures with exercise training and estrogen levels as main effects. A Tukey's post-hoc test was used in the event of a significant (P < 0.05) F-ratio.
Results
Data shown in Table 1 are a summary of data reported in a recently published study by our group using the same rats. 7 OVX resulted in a significant (P < 0.01) reduction of 17b-estradiol levels (Table 1) . However, 17b-estradiol levels in OVX rats were still approximately 75% of those measured in Sham. Estrogen replacement with the subcutaneous pellets resulted in 17b-estradiol levels that were approximately twotimes higher than those in the Sham groups (P < 0.01). For this reason, the estrogen-replacement rats will be considered from now on as hyperestrogenic rats. The uterus weight was significantly (P < 0.01) reduced in OVX rats compared with results shown for both Sham and OVXE2 groups ( Table 1) . As expected, OVX rats had a significantly (P < 0.01) higher body weight at the end of the experimental 8 week period compared to Sham group (Table 1) . In contrast, the 17b-estradiol replacement therapy resulted in a reduced weight gain compared to the Sham group. Average daily food intake and food efficiency were significantly (P < 0.01) higher in OVX rats compared to Sham and OVXE2 rats (Table 1 ). There were no effects of training on any of the variables presented in Table  1 in any of the groups.
Plasma total cholesterol and HDL-cholesterol levels were significantly (P < 0.05) higher in OVX and OVXE2 rats compared to Sham rats ( Figure 1A, B) . Plasma triglyceride levels were not affected by estrogen levels, whereas plasma FFA levels were significantly (P < 0.05) higher in OVXE2 rats compared to OVX and Sham rats ( Figure 1C, D) . There were no significant (P > 0.05) effects of training on any of the plasma lipid variables in any of the groups. The weights Body composition in ovariectomized trained rats M Shinoda et al of the fat depots sampled from the mesenteric and the subcutaneous areas were significantly (P < 0.01) higher in OVX rats compared to Sham rats (Figure 2A, B) . Training significantly (P < 0.05) reduced mesenteric and subcutaneous fat weights in all three estrogen groups. The femur weight was significantly (P < 0.01) lower in OVX rats compared to Sham and OVXE2 ( Figure 2C ). Training had no effect (P > 0.05) on femur weight in any of the estrogen groups. There were no significant (P > 0.05) effects of estrogen level on the different muscle weights except for a significantly (P < 0.01) lower soleus weight in OVX compared to OVXE2 rats (Figure 3 ). There was, however, a significant (P < 0.05) increase in the weight of the plantaris muscle following training in all three estrogen groups ( Figure 3A) . OVX resulted in a significant (P < 0.01) reduction in the relative weight of liver, heart and adrenal glands compared to Sham groups, while estrogen replacement in OVXE2 rats resulted in a significant (P < 0.01) increase in all of these organ weights compared to both Sham and OVX groups ( Figure 4 ). OVX also reduced (P < 0.05) the relative weight of the lungs compared to Sham, while the relative weights of the pituitary gland and the pancreas were not affected by the reduction in estrogen levels ( Figure 5 ). Estrogen replacement, however, resulted in a large (P < 0.01) increase in the relative weights of the pituitary gland compared to Sham and OVX rats ( Figure 5A ). The only effect of physical training on organ weights was a significant (P < 0.05) increase and decrease of the relative weight of the adrenal glands and the lungs, respectively, in all three estrogen groups ( Figure 4C, 5C ).
Discussion
Ovariectomy resulted in a significant reduction in circulating 17b-estradiol levels compared to that shown in the Sham group. Estradiol levels in OVX rats were, however, still approximately 75% of normal values at the end of the experiment. This must not be interpreted as though OVX was unsuccessful. Vaginal smear tests used during the course of the experiment indicate that the OVX and the estrogen replacement were successful. Furthermore, the weight of the uterus measured at the end of the experiment clearly shows that OVX rats were hypoestrogenic during most parts of the experiment. Significant levels of blood estradiol in OVX rats have previously been observed in long duration experiments 19 suggesting that other organs, such as the adrenal glands, are taking over the secretion of estradiol. In the same way, it is possible that hyperestrogenic rats might not have been hyperestrogenic during the whole experiment.
Physical training and OVX
As expected, OVX resulted in a significant weight gain most likely brought about by an increase in food intake. 2, 4 Food efficiency was also higher in OVX than in the two other Figure 1 Plasma levels of total cholesterol (chol.) (A), high density lipoprotein (HDL)-cholesterol (B), triglycerides (C), and free fatty acids (FFA) (D) in sham-operated rats (SHAM), ovariectomized rats with placebo replacement (OVX), and OVX rats with estrogen replacement (OVXE2) studied under sedentary (SED; solid, grey, or open bars) or trained (TR; hatched and crosshatched bars) conditions. Values are means AE s.e.; n ¼ 9 -10 rats at each point. *Significant effect of estrogen levels, P < 0.05; **P < 0.01.
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M Shinoda et al groups. The weight gain in OVX rats was reversed by the infusion of estrogen. The present data on weight gain and food intake have been presented and interpreted in a recent paper. 7 The main observation was that an 8 week training program does not reduce overall weight gain and increased food intake brought about by an ovariectomy. While this does not mean that body composition was not changed by training, it does mean that any changes related to training cannot be attributed to a change in body weight.
OVX in the present experiment resulted in an increase in fat depots (mesenteric and subcutaneous). These findings are in agreement with those of other studies 4, 20 where weight gain due to the absence of estrogens was explained by an increase in fat gain. That the estradiol treatment reversed both the weight and the fat gain further supports the interpretation that fat gain accounts for a large part of the body weight gain after ovariectomy. One of the purposes of the present experiment was to determine if body composition in estrogen-deficient rats is affected by an endurance training program. Data from the present study indicate that exercise training reduces the mesenteric and subcutaneous fat depots in OVX and Sham groups. Although no statistical interaction was found between the estrogen levels and the training status, there is a strong tendency for the reduction in mesenteric fat depots to be more important in OVX than in Sham groups (Figure 2A ). It can be observed that the mesenteric and subcutaneous fat weights measured in trained OVX rats were in the same range as those measured in sedentary intact rats. This suggests that exercise training has a strong action upon reduction in body fat accumulation following a decrease in estrogen levels. Richard et al 2 had previously reported a decrease in fat gain in OVX rats following exercise training even though OVX did not result in a gain in body fat. Overall, the present data indicate that, even though body weight is not changed, exercise training reduces the fat deposition brought about by an ovariectomy.
The decrease in fat depots in OVX and Sham rats with exercise training, without any changes in body weight, suggests a compensatory increase in muscle weight. An increase in the weight of the plantaris muscle following training was found in the present OVX and Sham groups, whereas a tendency for a similar response was observed in the soleus and gastrocnemius muscles. Richard et al 2 did not find a gain in body proteins with training in OVX or in Sham rats. Although it is difficult to ascertain whether the reduction in fat deposition with training in OVX and Sham rats was compensated for by a gain in muscle mass or another component, the present data indicate that body composition Figure 2 Mesenteric (A) and subcutaneous (B) fat weight (WT) relative to 100 g of body weight (BW) and relative femur weight (C) in sham-operated rats (SHAM), ovariectomized rats with placebo replacement (OVX), and OVX rats with estrogen replacement (OVXE2) studied under sedentary (SED; solid, grey, or open bars) or trained (TR; hatched and crosshatched bars) conditions. Values are means AE s.e., n ¼ 9 -10 rats at each point. *Significant effect of estrogen levels, P < 0.05; **P < 0.01. a Significant effect of exercise training, P < 0.05.
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The reduction in fat deposition with training in OVX rats raises the question of whether insulin sensitivity is increased in these rats. A state of overall insulin resistance in experimental animals after OVX has been previously reported. 21 -23 On the other hand, exercise training in rats has repeatedly been reported to be associated with an enhanced insulin sensitivity. 24, 25 We recently reported that exercise training in OVX rats results in an improvement of the insulin-resistant condition without any reduction in body weight. 7 From the present data, it may be suggested that a reduction in body fat contributes to the exercise training-induced improvement in insulin sensitivity in OVX rats.
In addition to a reduction in fat deposition, OVX rats showed a weight reduction of several organs (femur, liver, heart, lungs and adrenal glands). The reduction in the femur weight may be associated with the well known decrease in bone formation in the absence of estrogens. 26, 27 The reduction in the weight of several organs with OVX indicates that normal estrogen levels are necessary for the normal growth of these organs. Rats used in the present experiment were relatively young animals (6 weeks) whose maturation was not complete. The organ weights remained unchanged with exercise training except for an increase in the weight of the adrenal glands and a reduction in the weight of the lungs in OVX and Sham rats. The increase in the weight of the adrenal glands with training might be related to the Figure 3 Plantaris (A), soleus (B), and lateral (C) and medial gastrocnemius (D) muscle weight (WT) relative to 100 g of body weight (BW) in shamoperated rats (SHAM), ovariectomized rats with placebo replacement (OVX) and OVX rats with estrogen replacement (OVXE2), studied under sedentary (SED; solid, grey, or open bars) or trained (TR; hatched and crosshatched bars) conditions. Values are means AE s.e., n ¼ 9 -10 rats at each point. **Significant effect of estrogen levels, P < 0.01. a Significant effect of exercise training, P < 0.05.
Body composition in ovariectomized trained rats M Shinoda et al increased secretion of adrenal hormones with regular exercise. The reduction in the weight of the lungs in trained rats might be related somehow to the hydration state of this organ.
Physical training and estrogen replacement
The measurement of basal plasma 17b-estradiol at the end of the experiment indicates a higher than normal level of plasma estradiol in OVXE2 rats. These levels were, however, similar to those reached in the normal cycling rat at early proestrus and metestrus. 17 Since the plasma estrogen levels were not measured during the course of the experiment, it is unknown whether estrogen levels were higher than normal throughout the experiment. However, the higher than normal uterus weight in OVXE2 rats suggests that these rats were hyperestrogenic for most of the experiment. As previously reported, 1,2 estrogen replacement in OVXE2 rats resulted in body weights that were lower than those of OVX rats indicating that the low estrogen level in OVX rats was responsible for the increase in body weight. Accordingly, estrogen replacement completely prevented the increased food intake observed in OVX rats.
Besides the reduction in body weight and food intake, estrogen replacement in the present OVXE2 rats was associated with a reduction in mesenteric and subcutaneous fat depots when compared to OVX rats. This observation supports the contention that fat gain accounts for a large part of the body weight gain after ovariectomy. The second purpose of the present experiment was to determine how exercise training and estrogen replacement interact to change body composition. The results indicate that even though the increased fat deposition in OVX was largely reduced by estrogen replacement, exercise training further reduced fat deposition in OVXE2 rats. This indicates that exercise training provides an additional benefit to the effects of estrogen replacement alone on a reduction of body fat mass. The additional benefit of exercise training in OVXE2 on the reduction of fat deposition appears, however, to be much less important than what is observed in OVX and Sham rats.
A rise in cholesterol levels generally occurs around menopause in women. 28 In the present experiment, OVX resulted in an increase in total and HDL-cholesterol with no change in plasma triglyceride and FFA levels. Estrogen therapy is well known to result in favourable changes in plasma lipid profiles (for a review see ref.
11
). In the present study, total Body composition in ovariectomized trained rats M Shinoda et al cholesterol and plasma FFA levels were increased by estrogen replacement. These undesirable changes in lipid profiles in the heperestrogenic rats might be due to the high levels of estrogens measured in this group. Estrogens are a class of drugs that elevate triglycerides and raise levels of HDLcholesterol. 29 Exercise training did not improve the lipid profiles of the OVX and hyperestrogenic rats in the present study. There are reports showing that training programs effectively raise HDL-C in premenopausal women and in elderly men and women. 30, 31 The present results are more in line with the recent report that a moderate to highintensity training program has little effect on the lipid profiles of postmenopausal women whether or not they are receiving estrogen replacement therapy. 9 In addition to a reduction in fat deposition, the level of estrogen replacement used in the present study resulted in a large increase in almost all of the measured organ weights. The most drastic change was a five-fold increase in the weight of the pituitary gland. An increase of $ 20 -30% was also measured in the weight of the femur, liver, adrenal glands and heart. Estrogens are known to induce adenohypophyseal hypertrophy. 19 High doses of 17b-estradiol in estrogenecity studies have also been associated with changes in the weights of several organs. 13 The involvement of estrogens in organ growth might be mediated through the stimulatory effect of estradiol on growth hormone secretion. 32 Exercise training had no effect on these hyperestrogenia-induced increases in organ weights, except for an increase in the weight of the adrenal glands. All together, the present data appear to suggest that too much or too little estrogen can be detrimental to the normal growth of several organs.
In summary, exercise training in OVX rats, with or without estrogen replacement, results in a reduction in fat weights (mesenteric and subcutaneous) comparable to the levels observed in intact animals. This indicates that exercise training may bring about important changes in body composition in OVX animals even though training does not change the ovariectomy-induced increase in body weight. From a practical point of view, the present data suggest that pre-and postmenopausal women can benefit from regular exercise, possibly counteracting the development of cardiovascular and metabolic abnormalities associated with an increase in body fat. In connection with this, it is important to recall that avoiding postmenopausal obesity and engaging in regular physical activity are simple measures that seem to reduce the risk of breast cancer. 33 Future research in this area should consider how physical training interacts with the use Figure 5 Pituitary gland (A), pancreas (B), and lungs (C) weight (WT) relative to 100 g of body weight (BW) in sham-operated rats (SHAM), ovariectomized rats with placebo replacement (OVX), and OVX rats with estrogen replacement (OVXE2) studied under sedentary (SED; solid, grey, or open bars) or trained (TR; hatched and crosshatched bars) conditions. Values are means AE s.e., n ¼ 9 -10 rats at each point. *Significant effect of estrogen levels, P < 0.05; **P < 0.01. a Significant effect of exercise training, P < 0.05.
Body composition in ovariectomized trained rats M Shinoda et al of selective estrogen receptor modulators (SERMs) that have been recently shown to prevent OVX-induced obesity in rats. 34 
